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IN FAST-REACTOR FUEL MATERIALS 

by 

M. G. Chasanov and D. F . F ischer 

ABSTRACT 

Annealing of cer ia-urania and plutonia-urania pel
lets in thermal gradients resulted in apparent increases in 
cer ium and plutonium concentrations at the hotter end of 
the samples. These resul ts are discussed in t e rms of var i 
ous possible mechanisms. Similar experiments on mixed-
carbide samples indicated that vaporization losses of pluto
nium from the hotter end, although extensive under some 
conditions, can be minimized by the use of cladding. 

I. INTRODUCTION 

A frequent observation in mixed-oxide fuel specimens irradiated to 
burnups of several percent or higher is an increase in plutonium content in 
the columnar-gra in region as the central-void region is approached. Mi
gration and segregation of fissile and fertile mater ia ls within a fas t - reactor 
fuel during its operational lifetime could have significant effects on the 
operational safety of the fuel if the magnitude of such separations were 
large. Redistribution of plutonium in (U,Pu)02 fuels might change the 
chemical and physical proper t ies of the affected region enough to al ter the 
neutronics of the system, affect fuel-cladding compatibility, and change the 
resultant fission-product distribution. The large thermal gradients existing 
in an operating oxide fuel pin are extremely important factors in determin
ing the behavior of the fissile and fertile mater ia ls as well as of fission 
products produced during irradiat ion. The purpose of the study reported 
here was to examine the effects of thermal gradients on plutonium red i s 
tribution in fas t - reac to r fuel through a ser ies of experiments that would 
be free of the effects of other var iables; this was done in the out-of-pile 
work reported below. 



II. EXPERIMENTAL APPARATUS 

A furnace was developed that could maintain an axial tempera ture 
gradient of at least 1000°C/cm across a small fuel pellet in a plutonium 
glovebox. Thermal-gradient furnaces designed for use at high t empera tu res 
have usually used an electrically heated rod passed through the center of an 
annular solid sample.'"^ Other experimenters have reversed this procedure 
by heating the periphery of an annular sample while cooling the inner sur
face. However, these devices were used to produce radial gradients in the 
sample specimens. To produce an axial gradient in a small sample, 
Beisswenger et al.^ electrically heated a tungsten tube which contained the 
sample; the bottom of the sample was maintained at a lower tempera ture 
by water-cooling. We developed a furnace utilizing radiant energy from a 
small, electrically heated tungsten foil placed directly over the sample 
specimen; the simplicity of this furnace makes it especially suitable for 
glovebox manipulations. An additional feature of our apparatus is the use 
of an oil-free vacuum system which is compact enough to be completely 
contained within the limited space available in a plutonium glovebox and 
which is virtually free of vibration. 

The two main portions of the apparatus are the vacuum chamber 
and the gradient furnace (shown schematically in Figs. 1 and 2, respectively). 
The former is a modified Varian VI-10 stainless steel vacuum chamber with 
a molecular-sieve sorption pump for rough pumping and both a 15- l i te r / sec 
ion pump and a titanium sublimation pump for high vacuum. The vacuum 
chamber is 12 in. in diameter and 9 in. high. A 14-in.-diam base plate 
rests on a Viton O-ring at the top of the vacuum-chamber flange. A 5-in.-
diam opening through the center of the base plate accommodates the thermal-
gradient furnace. A 6-in.-diam stainless steel bell jar surrounds the fur
nace components and is sealed with an L-shaped Viton boot to the top of the 
base plate. All the electrical power supplies and controls a re located out
side the box. 

In Fig. 2, the heating element for the furnace is an electr ical ly 
heated 5-mil tungsten foil, 0.75 in. wide and approximately 3 in. long. Each 

end of the heating element is clamped 
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Fig. 1. Gradient-furnace Vacuum System 
Contained in Plutonium Glovebox. 
ANL Neg. No. 308-209 Rev. 1. 

i thin a w a t e r - c o o l e d c o p p e r b lock , 
which s e r v e s a s an e l e c t r i c a l t e r m i 
nal . The power supply for the hea t ing 
e l e m e n t is a 12-V, 750-A t r a n s f o r m e r 
con t ro l l ed by an a u t o t r a n s f o r m e r tha t 
connec t s to a 4 4 0 - V , 20 -A , s i n g l e -
phase l ine . The top window of the 
glovebox was modi f i ed by i n s t a l l a t i o n 
of m e t a l g l o v e p o r t p l u g s . E l e c t r i c a l 
power for the f u r n a c e i s b r o u g h t in to 
the g lovebox t h r o u g h MI c a b l e s , wh ich 
have i n su l a t i ng f i t t ings m o u n t e d on a 
m e t a l g l o v e p o r t plug in the top window. 



C a b l e s f r o m t h e s e f i t t ings l ead to the w a t e r - c o o l e d p o w e r f eed th roughs on 
the v a c u u m c h a m b e r . MI cab le h a s one or m o r e e l e c t r i c a l c o n d u c t o r s 
i n s u l a t e d wi th a h igh ly c o m p r e s s e d r e f r a c t o r y m i n e r a l i n s u l a t i o n and 
e n c l o s e d in a g a s - t i g h t tube shea th ing . In our c a s e , the c o n d u c t o r s and 
shea th ing a r e e l e c t r o l y t i c c o p p e r and the i n su l a t i on is m a g n e s i u m oxide . 

WATER COOLED 
COPPER ELECTRICAL 

TERMINAL BLOCK 

VITON-L BOOT 

THERMAL SWITCH 

" * * o a. 

STAINLESS STEEL 
WATER-COOLED 

BELL JAR 
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HEAT SHIELDS 
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VACUUM CHAMBER ^ = * = * ^ . C O P P E R T U B I N G / ^ ^ ^ ^ 
COOLANT LINES 

Fig, 2. Schematic Drawing of Thermal-gradient Furnace in Position 
inside the Bell Jar. ANL Neg. No. 308-S62 Rev. 2. 

F i g u r e 3 i s a p h o t o g r a p h of the a p p a r a t u s in the g lovebox and the 
c o n t r o l e q u i p m e n t a s s o c i a t e d wi th it; t h i s pho tog raph was m a d e be fo re 
f inal c l o s i n g of the g lovebox . As shown in the f igu re , m o s t of the c o n t r o l 
e q u i p m e n t for the s y s t e m was loca ted ou t s ide the glovebox. 

The fuel p e l l e t , t y p i c a l l y a c y l i n d r i c a l s p e c i m e n about 0.5 in. in both 
d i a m e t e r and he igh t , i s p o s i t i o n e d a p p r o x i m a t e l y 0.5 to 1 m m be low the 
hea t ing e l e m e n t . The fuel pe l l e t r e s t s on a t a n t a l u m foil in con tac t wi th a 
w a t e r - c o o l e d c o p p e r suppo r t p l a t f o r m . A t a n t a l u m hea t sh ie ld , s u p p o r t e d 
on s m a l l t a b s s p o t - w e l d e d to the u n d e r s i d e of the sh ie ld , i s s i t ua t ed a r o u n d 
the p e l l e t at i t s m i d p l a n e . T h e r m o c o u p l e s a r e pos i t i oned in the p e l l e t 
b e f o r e p l a c i n g two c y l i n d r i c a l t a n t a l u m hea t s h i e l d s and c o v e r s a r o u n d the 
f u r n a c e . 

The t h e r m o c o u p l e s u s e d for t h e s e s tud i e s w e r e of t u n g s t e n - 5 % 
r h e n i u m / t u n g s t e n - 2 6 % r h e n i u m ; the m a t e r i a l s u s e d w e r e of 5 - m i l - d i a m 
w i r e m a n u f a c t u r e d by Hosk ins Manufac tu r ing Co. , D e t r o i t , Mich igan . The 
e m f ' s p r o d u c e d by the t h e r m o c o u p l e s w e r e r e c o r d e d on a B r o w n 12-poin t 
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r e c o r d e r . The vo l t ages w e r e c o n v e r t e d to t e m p e r a t u r e s us ing the emf-
t e m p e r a t u r e equat ion of Novak and A s a m o t o ; ' the a c c u r a c y r e q u i r e m e n t s 
of the e x p e r i m e n t s did not w a r r a n t ind iv idua l c a l i b r a t i o n of the t h e r m o 
coup les . F i g u r e 4 shows the t h e r m o c o u p l e s in p l ace in the s a m p l e and the 
t h e r m o c o u p l e l e ads in the a p p a r a t u s . 

Fig. 3 
Thermal-gradient Apparatus 
Installed in Plutonium Glove
box. ANL Neg. No. 308-538. 

Fig. 4 
Photograph of Sample Positionec 
in Furnace with Thermocouples 
in Place. ANL Neg. No. 308-532. 



S a m p l e s w e r e d r i l l e d for pos i t i on ing the t h e r m o c o u p l e s employ ing 
an u l t r a s o n i c g e n e r a t o r u s ing for a d r i l l a s m a l l h y p o d e r m i c n e e d l e . The 

s a m p l e was he ld m a n u a l l y in a 
s m a l l p l a s t i c bag conta in ing b o r o n 
c a r b i d e and t r i c h l o r o e t h y l e n e a s 
a cut t ing l iquid. The d r i l l i ng 
a p p a r a t u s i s shown in F ig . 5, a long 
wi th the cut t ing whee l used to 
s e c t i o n s a m p l e s moun ted for 
c e r a m o g r a p h i c and e l e c t r o n -
m i c r o p r o b e e x a m i n a t i o n . 

The s a m p l e s w e r e p r e p a r e d 
for c e r a m o g r a p h i c e x a m i n a t i o n 
with the u s u a l po l i sh ing t e c h n i q u e s . 
T h o s e d e s t i n e d for e l e c t r o n -
m i c r o p r o b e a n a l y s i s w e r e moun ted 
us ing a c o p p e r - b a k e l i t e compound, 
and a thin l a y e r of n i c k e l was 
v a p o r - d e p o s i t e d to r e d u c e the 
h a z a r d s of loose su r f ace ac t iv i ty . 

III. C e 0 2 - U 0 2 STUDIES 

C e r i u m i s an i m p o r t a n t 
f i s s ion p roduc t and i t s oxide, Ce02 , 
h a s often been u s e d as a s t a n d - i n 
for P u 0 2 in f u e l - s i m u l a t i o n s t u d i e s . 
As a t e s t of the o p e r a t i o n of the 

s y s t e m b e f o r e engag ing in the p lu ton ium s t u d i e s and a l s o to obtain some 
i n f o r m a t i o n on th i s s ign i f i can t f i s s i o n - p r o d u c t ox ide , a p r e l i m i n a r y s e r i e s 
of e x p e r i m e n t s w a s c a r r i e d out in the t h e r m a l - g r a d i e n t a p p a r a t u s p r e 
v i o u s l y d e s c r i b e d . 

Fig. 5. Ultrasonic Drilling Apparatus and 
Cutting Wheel Used in Plutonium 
Glovebox. ANL Neg. No. 308-534. 

A. M a t e r i a l s 

C e 0 2 - U 0 2 s o l i d - s o l u t i o n s a m p l e s w e r e f a b r i c a t e d f r o m a m e c h a n i c a l 
m i x t u r e in t he f o r m of 3 / 8 - i n . - d i a m by l / 2 - i n . - l o n g p e l l e t s by the M a t e r i a l s 
S c i e n c e D iv i s i on a t ANL. Two c e r i a - u r a n i a c o m p o s i t i o n s w e r e u s e d in t h e s e 
s t u d i e s : n o m i n a l l y (Uo.ssCeo.15)02 and n o m i n a l l y (Uo.yoCeo.30)02. The a c t u a l 
c o m p o s i t i o n s of t h e s e m a t e r i a l s a r e g iven in Tab le I; in the subsequen t d i s 
c u s s i o n the m a t e r i a l s wi l l be r e f e r r e d to in t e r m s of t h e i r a c t u a l i n i t i a l 
c e r i u m con ten t in we igh t p e r c e n t r a t h e r than n o m i n a l m o l e p e r c e n t of c e r i a . 
The c o m p o s i t i o n s c o m p u t e d f r o m the a n a l y t i c a l da ta for the n o m i n a l 
30 m o l % c e r i a - u r a n i a m a t e r i a l ( a s s u m i n g the oxygen and c e r i u m da ta to 
be c o r r e c t and ob ta in ing the u r a n i u m by d i f fe rence ) i s (Uo.yaCeo.22)02.007- Mos t 
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e x p e r i m e n t s w e r e done with th i s m a t e r i a l An independen t oxygen a n a l y s i s 
was not obta ined for the n o m i n a l l y 15 m o l % c e r i a p e l l e t s , h o w e v e r , it i s 
b e l i e v e d that the o x y g e n - t o - m e t a l r a t i o was s l igh t ly h y p e r s t o i c h i o m e t r i c . 

T A B L E I Compos i t i on of C e r i a - U r a n i a S o l i d - s o l u t i o n P e l l e t s 
Used in T h e r m a l - g r a d i e n t E x p e r i m e n t s 

Nomina l 
C o m p o s i t i o n wt % Ce^ wt % U'' wt % O"̂  

(Uo.ssCeo 15)02 

(Uo-7oCeo 30)02 

8.4 

12 4 

79 

76 12.9 

^ D e t e r m i n e d by c o l o r i m e t r i c a n a i y s i s . 
" D e t e r m i n e d by v a c u u m fusion 

B. E x p e r i m e n t a l R e s u l t s 

The r e s u l t s of e x p e r i m e n t s in which s a m p l e s w e r e h e a t e d in the 
t h e r m a l - g r a d i e n t fu rnace for ex tended p e r i o d s i n d i c a t e d s ign i f i can t l o s s 
of m a t e r i a l t h r o u g h v a p o r i z a t i o n p r o c e s s e s . The u p p e r - s u r f a c e t e m p e r a 
t u r e for the s a m p l e s was about 2000°C, Tab le II g ive s the w e i g h t - l o s s 
da ta obta ined for s t ud i e s in which the s y s t e m w a s b a c k - f i l l e d wi th about 
150 T o r r of a r g o n An e x p e r i m e n t m which the s a m p l e had a v a p o r -
depos i t ed 9 - m i l t ungs t en coat ing gave m u c h - r e d u c e d l o s s e s , 

TABLE 11 W e i g h t - l o s s Data for T h e r m a l - g r a d i e n t E x p e r i m e n t s 
wi th C e r i a - U r a n i a P e l l e t s 

C e r i u m Content , 
wt % 

8.4 
8 4 

12.4 
12 4 
12.4 

( 9 - m i l W clad) 

Heat ing T 
h r 

100 
514 
100 
504 
500 

i m e , The r m a l G r a d i e 
° C / c m 

1100 
890^ 

1050 
1060 

920 

:nt.^ We 
To ta l 

ight L o s s , 
wt % 

4.1 
3.8 
3 4 

14 
0.25 

'•The t e m p e r a t u r e at the top of the p e l l e t w a s a p p r o x i m a t e l y 2000"C. 
-"Lower g r a d i e n t due to changed h e a t - s h i e l d g e o m e t r y . 

C e r a m o g r a p h i c e x a m i n a t i o n of the hea t ed p e l l e t s r e v e a l e d that p o r e 
m i g r a t i o n t o w a r d the h o t t e r end of the s a m p l e s had t a k e n p l a c e F i g u r e 6 
i s a longi tud ina l c r o s s s e c t i o n of the p e l l e t conta in ing 12.4 wt % c e r i u m 
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t ha t had b e e n h e a t e d for 100 h r in a g r a d i e n t of about 1 0 5 0 ° c / c m . The 
i n c r e a s e in p o r o s i t y n e a r the top of the s a m p l e i s qui te ev iden t in the 

f igu re ; u n h e a t e d s a m p l e s show a 
m o r e u n i f o r m d i s t r i b u t i o n of p o r e s 
and, in g e n e r a l , p o r e s of a m u c h 
s m a l l e r s i z e . A s s o c i a t e d with the 
p o r o u s r eg i o n n e a r the top of the 
s a m p l e a r e e v i d e n c e s of c o l u m n a r -
g r a i n g rowth . F i g u r e 7 shows a 
p o r t i o n of the long i tud ina l c r o s s 
s ec t i on n e a r the top of the pe l l e t 
conta in ing 12.4 wt % c e r i u m which 
had b e e n hea t ed for 504 h r . A p o r t i o n 
of the c e n t r a l p a r t of the s a m e hea ted 
pe l l e t i s a l s o shown for c o m p a r i s o n . 
The d i f fe rence in p o r o s i t y and g r a i n 
s ize i s qu i te ev ident . 

Tab le II i n d i c a t e s s igni f icant 
l o s s of m a t e r i a l t h r o u g h e v a p o r a t i o n 
f r o m the unc lad hea t ed p e l l e t s . 
D e p o s i t s of m a t e r i a l w e r e found on 
the o u t e r p e r i p h e r y of the p e l l e t s ; 
t h e s e w h i s k e r - l i k e g r o w t h s con ta ined 
u r a n i u m , c e r i u m , and s m a l l a m o u n t s 
of t ungs t en . X - r a y e x a m i n a t i o n of 
t h e s e s i n g l e - p h a s e m a t e r i a l s gave the 
s a m e type s t r u c t u r e (fee) a s the 

o r i g i n a l p e l l e t , but the l a t t i c e p a r a m e t e r s c o r r e s p o n d e d to a s o m e w h a t m o r e 
u r a n i u m - r i c h so l id so lu t ion . The l a t t i c e p a r a m e t e r for w h i s k e r m a t e r i a l 

Fig. 6. Longitudinal Cross Section of a Urania-
Ceria Pellet (12.4 wt lo cerium) Heated 
in Thermal Gradient of 1050°C/cm for 
100 hr. ANL Neg. No. 308-563. 
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Fig. 7. Longitudinal Cross Section of a Urania-Ceria Pellet (12.4 wt 'lo cerium) Heated 
in Thermal Gradient of 1060Oc/cm for 504 hr. ANL Neg. No. 308-565. 
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f r o m 12.4 wt % c e r i u m m a t e r i a l hea t ed for 100 h r was 5.460 ± 0.003 A. 
F r o m V e g a r d ' s law, th i s would c o r r e s p o n d to 9.6 wt % c e r i u m ; h o w e v e r , 
s p e c t r o c h e m i c a l a n a l y s i s of the s a m e s a m p l e gave a c o m p o s i t i o n c o r r e s p o n d 
ing to 12.2 wt % c e r i u m , which i s p robab ly the m o r e c o r r e c t v a l u e . The 
l a t t i c e p a r a m e t e r for the g rowth f rom a pe l l e t of that s a m e in i t i a l c o m p o s i 
t ion hea ted in a g r a d i e n t for 504 h r was 5.464 ± 0.003 A, which c o r r e s p o n d s 
(by V e g a r d ' s law) to a compos i t i on of S . lw t % c e r i u m . W h i s k e r g r o w t h was 
ins igni f icant in the c a s e of the c lad pe l l e t . Howeve r , the c lad p e l l e t d i s p l a y e d 
r a t h e r ex tens ive c r a c k i n g and i n c r e a s e d p o r o s i t y in the l a t t e r r e g i o n s of the 
s a m p l e . 

An e x p e r i m e n t in which a pe l l e t conta in ing 12.4 wt % c e r i u m w a s 
hea ted at a h ighe r t e m p e r a t u r e ( su r face ~2300°C) for 93 h r y i e lded a g r a d i e n t 
of about 1 3 1 0 ° c / c m . This s p e c i m e n on c e r a m o g r a p h i c e x a m i n a t i o n showed 
c o l u m n a r - g r a i n g rowth in the upper hea t ed r e g i o n s . 

The above c e r i a - u r a n i a s a m p l e s w e r e s u b m i t t e d for e l e c t r o n m i c r o 
p r o b e a n a l y s i s for ce r i t im and u r a n i u m . Longi tud ina l s e c t i o n s of the p e l l e t s 
w e r e scanned along the c e n t e r l i n e us ing s t a n d a r d m i c r o p r o b e t e c h n i q u e s . 
The C e / u counting r a t i o s , obta ined f rom the e l e c t r o n - m i c r o p r o b e s c a n s 
us ing a defocused e l e c t r o n b e a m of about 50-;Lim d i a m e t e r , w e r e e m p l o y e d to 
ca lcu la te c e r i u m and u r a n i u m c o n c e n t r a t i o n p r o f i l e s a s a funct ion of d i s t a n c e 
f rom the coo le r end of the pe l le t ; t he se p r o f i l e s a r e p r e s e n t e d in F i g s . 8 
and 9. The d e g r e e of in i t i a l i nhomogene i ty in t h e s e p e l l e t s would m a s k s m a l l 
compos i t i on changes of the o r d e r of 0.5 wt % c e r i u m . 

SAMPLE!: UNHEATED PELLET 

SAMPLE 2: HEATED 100 hr IN IIOO*C/cm GRADIENT IN l 0 6 0 " C / c m GRADIENT _ 

SAMPLE 6 : 
HEATED 93 hr IN 
l3 IO 'C /cm GRADIENT 

DISTANCE FROM PELLET BOTTOM, i 

Fig. 8. Cerium Distribution in (U,Ce)02 Pellets after 
Heating in Thermal-gradient Furnace; Initial 
Cerium Content: 8.4 wt %. ANL Neg. 
No. 308-786 Rev. 1. 

DISTANCE FROM PELLET BOTTOM, cm 

Fig. 9. Cerium Distribution in (U,Ce)02 Pellets after 
Heating in Thermal-gradient Furnace; Initial 
Cerium Content: 12.4 wt %. ANL Neg. 
No. 308-787 Rev. 1. 
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The comparison of the cer ium concentration profiles in Fig. 8 for 
pellets containing 8.4 wt % cerium initially showed no distinguishable change 
in cer ium content for a sample (No. 2) heated 100 hr in an 1100°c/cm 
gradient, although a sample (No. 3) heated 514 hr in a somewhat smaller 
gradient (890°c/cm) showed a maximum in cer ium content near the hotter 
end of the sample. Ceramographic examination of sample 3 revealed a 
horizontal crack near the hotter end and a porous region followed by a 
columnar-grain region in the vicinity of the cerium maximum. 

Figure 9 compares cer ium concentration profiles for three heated 
pellets, initially containing 12.4 wt % cerium. For sample 4, heated 100 hr 
in a 1050°C/cm gradient, no significant concentration change was observed. 
Sample 5, heated 500 hr in a 1060°c/cm gradient, exhibited no cer ium-
concentration peaks, although a trend toward higher concentration at the 
hotter end of the pellet exis ts . An interesting feature of the latter sample 
is that the trend toward higher cer ium concentrations is associated with a 
region of porosity and columnar grains; however, no nnajor horizontal 
cracks were observed. For sample 6, heated for 93 hr in a larger thermal 
gradient (l310°C/cm), a cerium-concentrat ion peak was observed; a hor i 
zontal crack was noted near the bottom end, and columnar grains began in 
the sample near the area designated by the peak in the curve. 

Radial microprobe t r ave r se s across these pellets in the bottom, 
center, and top regions revealed no significant radial variations in compo
sition after heating in the thermal-gradient furnace. 

Thus, in these experiments, apparent migration of cerium toward 
the hotter end of the specimen was observed; Beisswenger et al.,^ also 
observed such cerium-concentrat ion enhancement in their studies of the 
effects of thermal gradients on the cer ia-urania system. They attributed 
this effect to thermal diffusion; in our experiments, it is not clear that 
such was necessar i ly the case. The general occurrence of cracks , pores , 
and columnar grains, in association with the observed cerium-concentration 
maxima, imply that a vapor- t ranspor t process , possibly involved with pore 
sweeping, might be an appropriate mechanism. 

The above studies on the cer ia-urania system established that our 
apparatus was reliable enough to operate in a glovebox. These prel iminary 
tes ts were terminated and the apparatus installed in the plutonium glovebox 
(see Fig. 3). 

IV. PUO2-UO2 STUDIES 

The fuel that has been decided upon for LMFBR development is the 
plutonia-urania mixed oxide. Our thermal-gradient studies were performed 
on the 20 mol % plutonia-urania composition, this being the composition of 
reac tor in teres t at the time the studies were carr ied out. It was originally 
planned to study the effects of plutonium concentration, O / M ratio, and 
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pellet density on the redistribution of plutonium in a thermal gradient; 
not all these plans were accomplished. 

A. Materials 

The samples used in these studies were cylindrical pellets half an 
inch in both diameter and height. They were prepared from coprecipitated 
solid-solution material by Nuclear Materials and Equipment Corporation 
(NUMEC) in two batches. Depleted uranium was used in both batches of 
pellets. The average density of the first batch of mater ia l was 10.59 g / cm^ 
that of the second batch was 10.69 g/cm' . The O / M ratio of the first batch 
was 2.01 and the plutonium content was 18.01 wt %; the second batch had an 
O / M ratio of 1.97 and the slightly lower plutonium content of 17.26 wt %. 
Both compositions correspond to about 20 wt % plutonia. Chemical analysis 
of impurities in the pellets is given in Table III. Ceramographic exami
nation of the pellets indicated they consisted of high-density single-phase 
material with relatively fine grain size. 

TABLE III. Chemical Analysis of 20 wt % PUO2-UO2 Pel le ts 
Supplied by NUMEC 

Impur 

C d 

B 
M n 

Mg 

P b 

S i 
F e 
C r 

N i 
A l 
M o 

i t y 

Concent 

Ba tch 1 

<1 

< 1 
1 

4 
< 1 0 
< 2 0 

< 1 0 

< 1 0 

< 2 0 

< 2 0 

5 

rat ion, p p m 

Batch 2 

<1 

< 1 
25 

3 

<10 
<20 

75 

60 

10 

< 2 0 

< 1 0 

I m p u r 1 

S n 

V 

C u 

T i 

C o 

B i 

B e 

Z r 

C a 

N a 

t y 

Concen t 

B a t c h 1 

1 

< 1 
1 

< 1 

<1 
< 1 0 

<1 
<50 

<100 
-

ra t ion , p p m 

Ba tch 2 

< 1 0 

< 1 
8 

< 1 

< 1 
<10 

<1 
< 5 0 

<100 
<100 

B. Experimental Results 

The experimental procedure and analytical techniques used with the 
plutonia-urania experiments were identical to those employed in the cer ia-
urania studies. The bell- jar system after evacuation was back-filled with 
a few hundred Torr of high-purity argon to reduce vaporization from these 
samples. During the studies, vaporization losses were reduced markedly 
(as in the case of the cer ia-urania experiments) by use of a metal cladding. 
For use with the plutonia-urania pellets, small tungsten crucibles were 
prepared by vapor deposition and thermocouple holes made in them by 
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e l e c t r i c a l - d i s c h a r g e m a c h i n i n g ; t h e s e c r u c i b l e s w e r e i n v e r t e d and the 
s a m p l e s c o v e r e d wi th t h e m . F i g u r e 10 is a s c h e m a t i c d r a w i n g of the c r u 

c i b l e s e m p l o y e d in t h e s e s t u d i e s . 

r 
0292" 

1010? 
T^ =fe 

-WALL THICKNESS 0.005" 

-CENTER HOLE 

The s a m p l e s w e r e a n a l y z e d for 
u r a n i u m and p lu ton ium on long i tud ina l ly 
s e c t i o n e d p e l l e t s us ing the e l e c t r o n 
m i c r o p r o b e . C e r a m o g r a p h i c e x a m i n a 
t ion and a lpha a u t o r a d i o g r a p h y w e r e 
a l s o e m p l o y e d wi th t h e s e s a m p l e s . 

Fig. 10. Tungsten Crucible Used as Vaporization 
Barrier in Mixed-oxide Experiments. 
ANL Neg. No. 308-2286. 

Tab le IV r e p o r t s the r e s u l t s 
ob ta ined in s tud i e s involving the s l igh t ly 
h y p e r s t o i c h i o m e t r i c m i x e d - o x i d e s p e c i 

m e n s . T h o s e c a s e s in which no s ign i f ican t p lu ton ium r e d i s t r i b u t i o n 
w e r e o b s e r v e d ( s a m p l e s 1 t h r o u g h 4) a r e c h a r a c t e r i z e d by v a r i a t i o n 
of p lu ton i a con ten t by no m o r e than ±0.5 wt % p lu ton ia f r o m the m e a n 
c o m p o s i t i o n . S a m p l e s 5 and 8 did show an i n c r e a s e in p lu ton ium con
t en t a t the h o t t e r end of the s a m p l e ; the m a g n i t u d e s of the i n c r e a s e s 
w e r e s u c h tha t it a p p e a r e d un l ike ly tha t t h e y w e r e due to i n i t i a l i nho -
m o g e n e i t i e s in the s p e c i m e n be fo re h e a t i n g . F i g u r e s 11 and 12 show 

T A B L E IV. S u m m a r y of T h e r m a l - g r a d i e n t E x p e r i m e n t s with {Uo,aP"o.z)02 oi P e l l e t s 

Sample 
No. 

Dura t ion , 
h r 

Top 
T e m p , 

°C 

Bot tom 
T e m p , 

°C 
Resu l t s of E l e c t r o n -
m i c r o p r o b e Analys i s 

, a 
2 
3» 
4 
5=-
8^ 

100 
100 
500 
504 

1020 
123 

1980 
2070 
1980 
2040 
1970 
2340 

1280 
975 

1250 
960 

1140 
1220 

No plu tonium r ed i s t r i bu t i on 
No p lu tonium r e d i s t r i b u t i o n 
No plutonium r ed i s t r i bu t i on 
No signif icant p lutonium r e d i s t r i b u t i o n 
Apparen t p lu tonium i n c r e a s e at ho t t e r end 
Apparen t p lutonium i n c r e a s e at ho t t e r end 

^The s a m p l e was conta ined in an i nve r t e d m e t a l c ruc ib l e fabr ica ted f rom 5 -mi l tung
s ten; th i s s e r v e d a s a b a r r i e r to lo s s of m a t e r i a l by evapora t ion . 

26 

»* 
z" 24 
O 

% zz 

o 

o" 

16 

_ 
-
-

INITIAL 
COMPOSITION —-^-

HOT 
END 

1 

_ 
-
-
_ 
-
-

-

I COLUMNAR 
I GRAINS ' 

DISTANCE FROM BOTTOM OF PELLET, rrm DISTANCE FROM BOTTOM OF PELLET, 

Fig. 11. Plutonia Distribution along Centerline of 
(Uo.8Puo.2)02.01 Pellet (sample 5) Heated 
1020 hr in Thermal-gradient Apparatus 

(T t o p • 197C"C. Tbottom = 1140"C). 
ANL Neg. No. 308-1770. 

Fig. 12. Plutonia Distribution along Centerline of 
(Uo.8Puo.2)02.01 Pellet (sample 8) Heated 
123 hr in Thermal-gradient Apparatus 

(Ttop = 2340OC. Tbottom = 1220OC). 
ANL Neg. No. 308-1768. 



the v a r i a t i o n of plutonia c o n c e n t r a t i o n in s a m p l e s 5 and 8 (as c o m p u t e d 
f rom the e l e c t r o n - m i c r o p r o b e data) a s a function of d i s t a n c e f r o m the 
bo t t om of the pe l le t . The r e l a t i v e s m o o t h n e s s of the i n c r e a s e in p lu ton i a 
c o n c e n t r a t i o n at the h o t t e r end of s a m p l e 5 i m p l i e s that t h i s i s p r o b a b l y 
not due to s e g r e g a t i o n o r ig ina l ly p r e s e n t in the pe l l e t . Al though the v a r i 
a t ions in p lutonia c o n c e n t r a t i o n along the c e n t e r l i n e of s a m p l e 8 a r e g r e a t e r 
than those o b s e r v e d in pe l l e t 5 (this can be a t t r i b u t e d to a change in moun t ing 
m a t e r i a l u s e d in s a m p l e p r e p a r a t i o n ) , the i n c r e a s e in p lu ton ia c o n c e n t r a t i o n 
at the h o t t e r end i s s t i l l qui te ev ident . 

The magn i tude of the i n c r e a s e s o b s e r v e d a r e r e l a t i v e l y s m a l l 
(10% re l a t i ve i n c r e a s e ) , and the t i m e r e q u i r e d at Tj-op ~2000°C w a s r e l a 
t ive ly long; e x p e r i m e n t s at h ighe r t e m p e r a t u r e s , such as T^-^p of 2340°C 
for s a m p l e 8, w e r e difficult b e c a u s e of sho r t hea t i ng - fo i l l i f e t ime (~14 h r ) . 
However , a l o n g e r - t e r m e x p e r i m e n t (432 h r ) was p e r f o r m e d at t h i s h i g h e r 
t e m p e r a t u r e . V a p o r i z a t i o n p r o c e s s e s r e s u l t e d in s igni f icant l o s s e s of 
m a t e r i a l f r o m the upper p o r t i o n s of the s a m p l e , and no p l u t o n i a -
concen t r a t i on change was o b s e r v e d . 

C e r a m o g r a p h i c examina t ion of the m i x e d - o x i d e s p e c i m e n s u s u a l l y 
r evea l ed s ignif icant c r ack ing ; however , it is not c l e a r w h e t h e r t h i s was the 
r e s u l t of t h e r m a l shock, cladding r e s t r a i n t , or moun t ing the s p e c i m e n s in 
the copper bake l i t e compound used for m o s t of the m i c r o p r o b e a n a l y s e s . 
Sample 5 showed c l e a r - c u t ev idence of the g r o w t h of c o l u m n a r g r a i n s a t 
the upper (hot ter ) su r f ace ; F ig . 13 shows the c o l u m n a r - g r a i n r eg i o n in 
th i s spec imen , which had been hea ted for 1020 h r . The p o r e s in u p p e r 

Fig. 13. Columnar-grain Growth in Mixed-oxide Sample 5 Heated in 1020 hr 
in Thermal-gradient Apparatus (Tjop = 1970°C, Tbottom = 1140OC) 
ANL Neg. No. 308-2278. 
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p o r t i o n of the s a m p l e w e r e s ign i f i can t ly l a r g e r t h a n t h o s e in the c e n t r a l or 
l o w e r p o r t i o n s of the s p e c i m e n . In add i t ion , the p o r e s in the u p p e r r e g i o n 
of the p e l l e t f r e q u e n t l y had a l e n t i c u l a r shape ( s ee F i g . 14). Samp le 8 
showed the s a m e type of c o l u m n a r - g r a i n g r o w t h and p o r e d i s t r i b u t i o n a s 
s a m p l e 5. 

,..js.; 

1.. • ^^ ^ / 

.̂̂ Ŝ' 
;v .>̂ - K>v ;'̂  ^̂ ^B 

'/••^^r '>»iv^B 
^̂ 4̂> > ^ ^'\i^ ^^^^H 

Fig. 14 
Pores in Upper Region of Mixed-oxide 
Sample 8 Heated 123 hr in Thermal-
gradient Apparatus (Tjop = 234COC, 
Tbottom = 1220OC). ANL Neg. 
No. 308-2281. 

Al though a l l the above s a m p l e s hea t ed in 
s o m e g r o w t h of w h i s k e r m a t e r i a l at the c r u c i b l e 
500 h r wi thout the t u n g s t e n c r u c i b l e ) d i s p l a y e d a 
g r o w t h . F i g u r e 15 i s a p h o t o g r a p h of t h i s pe l l e t , 
to an u n h e a t e d s p e c i m e n . A s a m p l e of m a t e r i a l 
g r o w t h r e g i o n had a f a c e - c e n t e r e d - c u b i c s t r u c t u 
of 5.468 A; m a t e r i a l f r o m the g r o w t h r e g i o n j u s t 
s u r f a c e had a l a t t i c e p a r a m e t e r of 5.472 A. The 
r e s p o n d to v e r y low p l u t o n i a - c o n t e n t m a t e r i a l s fi 
m i x e d o x i d e s . 

the t u n g s t e n c r u c i b l e showed 
s u r f a c e , s a m p l e 4 (hea ted 
v e r y l a r g e amoun t of t h i s 

, a f t e r the e x p e r i m e n t , next 
f r o m the ou te r edge of the 
r e with a l a t t i c e p a r a m e t e r 
above the p e l l e t ' s l a t e r a l 

se p a r a m e t e r s would c o r -
or n e a r - s t o i c h i o m e t r i c 

Fig. 15 
Growth on Mixed-oxide Sample 4 after Heat
ing for 504 hr in Thermal-gradient Furnace 
with No Tungsten VaporizationBarrier (Tjop = 
2040°C, Tbottom = 960°C). Second pellet 
is unheated specimen from same batch. ANL 
Neg. No. 308-2279. 
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Alpha a u t o r a d i o g r a p h y was not v e r y i n f o r m a t i v e in the above s t u d i e s , 
s ince the v a r i a t i o n s in p lutonia c o n c e n t r a t i o n w e r e r e l a t i v e l y s m a l l . 

E x p e r i m e n t s with oxide m a t e r i a l s f r o m the s econd b a t c h of p e l l e t s , 
s l ight ly h y p o s t o i c h i o m e t r i c , w e r e p e r f o r m e d in the s a m e a p p a r a t u s u s i n g 
the tungs ten c r u c i b l e s a s v a p o r i z a t i o n b a r r i e r s . The r e s u l t s of t h e s e 
e x p e r i m e n t s a r e given in Tab le V. F o r s a m p l e 12 ( l i t t le v a p o r i z a t i o n of 
the uppe r r eg ion of the pe l l e t ) , the c e n t e r l i n e c o n c e n t r a t i o n of p lu ton i a w a s 
ana lyzed to be 19.8 m o l % with a s t a n d a r d dev ia t ion of 0.3 m o l %. T h u s , 
u n d e r condi t ions that had p r o d u c e d an a p p a r e n t e n h a n c e m e n t of p l u t o n i u m 
content at the hot end of a h y p e r s t o i c h i o m e t r i c pe l l e t , a s i m i l a r effect w a s 
not o b s e r v e d for t h i s h y p o s t o i c h i o m e t r i c m a t e r i a l . 

TABLE V. S u m m a r y of T h e r m a l - g r a d i e n t E x p e r i m e n t s 
with (Uo.8Puo.2)Oi.97 P e l l e t s 

Sample Dura t ion , Top T e m p , Bot tom T e m p , R e s u l t s of E l e c t r o n -
No. h r °C °C m i c r o p r o b e A n a l y s i s 

10^ 

11^ 

12 

262 2360 

93 2350 

125 2360 

1160 V a p o r i z a t i o n of 
r e g i o n of i n t e r e s t 

1180 V a p o r i z a t i o n of 
r e g i o n of i n t e r e s t 

1310 No p l u t o n i u m 
r e d i s t r i b u t i o n 

^No p lu ton ium r e d i s t r i b u t i o n o b s e r v e d in the u n v a p o r i z e d p o r t i o n of p e l l e t 
(about 81% of o r ig ina l length at c e n t e r l i n e ) . 

In a l l the above m i x e d - o x i d e s t u d i e s , r a d i a l e l e c t r o n - m i c r o p r o b e 
s c a n s w e r e m a d e on a rou t ine b a s i s and no m a r k e d r a d i a l v a r i a t i o n s in 
p lu tonia c o n c e n t r a t i o n s w e r e o b s e r v e d . 

Oxygen a n a l y s e s w e r e p e r f o r m e d by v a c u u m fusion on s a m p l e s 
(-0.3 g in weight) cut f rom s e v e r a l of the hea t ed p e l l e t s . T h e s e showed 
the expec ted t r e n d - - a m a r k e d d e c r e a s e in oxygen con ten t in the h o t t e r 
p o r t i o n s of the p e l l e t s . In addi t ion , t h e r e w a s an o v e r a l l l o s s of oxygen 
f r o m the p e l l e t s , the l o s s e s be ing l a r g e r for p e l l e t s t ha t w e r e h e a t e d for 
longer p e r i o d s and held at h i g h e r t e m p e r a t u r e s . A s a m p l e f r o m the top 
four th of s a m p l e 5 had an O/M r a t i o of 1.92, w h e r e a s one f r o m the b o t t o m 
four th had an O / M r a t i o of 1.94. (The i n i t i a l O / M r a t i o of the u n h e a t e d 
pe l l e t s was 2.01.) F o r s a m p l e 8, h e a t e d at m u c h h i g h e r t e m p e r a t u r e s , 
the O / M r a t i o was 1.81 for the top r e g i o n and 1.92 for the b o t t o m r e g i o n . 
The O / M r a t i o s in the h e a t e d p e l l e t s a p p e a r e d to v a r y s m o o t h l y f r o m the 
top to the b o t t o m of the pe l l e t . H o w e v e r , the da ta a r e too l i m i t e d to d r a w 
f i rm conc lus ions a s to oxygen b e h a v i o r in the s y s t e m . 
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V. MIXED-CARBIDE FUELS 

Mixed-carbide fuel mater ia l s , because of their excellent heat-
t ransfer proper t ies , are of significant interest for fuels as fast breeder 
reac tors . Only few scouting studies of the effects of a thermal gradient on 
such mater ia l s were car r ied out; the experiments performed are reported 
below. 

A. Materials 

Fluid-bed preparat ion of the mixed-carbide mater ia l was performed 
in the Chemical Engineering Division at ANL. Pellets were then pressed 
from these mater ia l s at 38,000 psi and sintered at 2100°C; the resultant 
fired cylindrical pellets were 0.43 in. in diameter and 0.42 in. long. The 
composition of these pellets was: 80.99 wt % uranium, 14.4 wt % plutonium, 
and 4.61 wt % carbon; this corresponds to (Uo.ssP^o.15)^0.96-

B. E x p e r i m e n t a l R e s u l t s 

The m i x e d - c a r b i d e p e l l e t s w e r e s o m e w h a t s m a l l e r than the m i x e d -
oxide s p e c i m e n s ; thus new t u n g s t e n c r u c i b l e s had to be f a b r i c a t e d for u s e 
with the c a r b i d e s . S e v e r a l p r e l i m i n a r y t e s t s w e r e m a d e without the use 
of the c r u c i b l e s . S a m p l e 13 was hea t ed for 100 h r in the t h e r m a l - g r a d i e n t 
a p p a r a t u s (T^op = 1990°C, Tj^ott^j^ = 1390°C). Th i s s p e c i m e n , on r e m o v a l 
f r o m the f u r n a c e , r e v e a l e d m a r k e d swel l ing of the top four th of the pe l l e t 
( see F i g . 16); the top s u r f a c e had a c r u s t y l a y e r , u n d e r which was a g r a n u 

l a r m a t e r i a l . The X - r a y p a r a m e t e r 
of m a t e r i a l f r o m the c r u s t y l a y e r was 
4.952 P^; tha t of the g r a n u l a r m a t e r i a l 
was 4 .953 A. The p a t t e r n s w e r e 
t y p i c a l of m i x e d c a r b i d e s , but t h e s e 
l a t t i c e p a r a m e t e r s w e r e s u b s t a n t i a l l y 
s m a l l e r . 

A s i m i l a r pe l l e t ( s a m p l e 14) 
was a n n e a l e d in the a p p a r a t u s w i th 
out a t ungs t en c r u c i b l e for 437 h r 
(Ttop = 1980°C, T b o t t o m = 1370°C). 
The swel l ing o b s e r v e d in s a m p l e 13 
did not o c c u r in th i s c a s e ; h o w e v e r , 
v a p o r i z a t i o n l o s s e s w e r e m o r e s i g 
n i f icant (a weight l o s s of 2.7% for 
s a m p l e 14 v e r s u s 0.87% for 
s a m p l e 13). 

Fig. 16. (Uo.85''"o.l5'^0.96 Pellet(sample 13) 
after WO hr injhermal-gradjent Fi^nace Sample 16, a s i m i l a r c a r b i d e 
(Ttop = 1990°C Tb - 139C°C). ^ g t ^ ^ s a n n e a l e d in the a p p a r a t u s 
ANL Neg. No. 308-2280. ^ 
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using a tungsten crucible whose top thermocouple hole was covered with a 
piece of tungsten sheet; this was done to reduce vaporization loss^es. The 
specimen was heated for 460 hr (T^^p = 2050°C, Tbottom = 1320°C). 
Sample losses by vaporization, as indicated by weighing and ceramography, 
were minimal. 

Samples 14 and 16 were submitted for plutonium and uranium anal
ysis using the electron microprobe; scans were performed along the lon
gitudinal axis of the pellet in the usual fashion. The resul ts indicated marked 
plutonium losses from the upper third of sample 14 (decreasing continuously 
from the initial composition to about 2 wt % plutonium near the top surface); 
sample 16 (heated in the tungsten crucible), on the other hand, revealed no 
significant composition changes. 

Ceramographic examination of samples 14 and 16 revealed quite 
different behavior. The upper third of sample 14 comprised large, re la
tively pore-free, equiaxed and columnar grains. Most of the pores were 
quite large compared to the pores in the reraainder of the sample. Sample 16 
did not display the marked densification that distinguished sample 14; how
ever, the upper regions of sample 16 were character ized by somewhat 
larger equiaxed grains than those in the rest of the specimen. 

The electron-microprobe results for these two samples are not 
surprising, since it is well kncwn that the chief high-temperature vapor 
species over such mixed carbides is plutonium. Unimpeded surface 
vaporization, along with pore movement in the thermal gradient, probably 
explains the results obtained with sample 14. 

VI. DISCUSSION 

A. Thermal Diffusion in Oxide Specimens 

The redistribution of cer ium in cer ia-urania mixtures and of plu
tonium in plutonia-urania has been discussed by Beisswenger et al . ;^ ' ' 
nuclear-reactor implications of this t reatment have also been considered 
by Wirtz.^ Beisswenger et̂  al^.' observed that in a mixed-oxide fuel sample 
held in a thermal gradient (T^^^^ = 2300°C) for UO hr, a very small 
increase in PuOj concentration (about 5% relative) occurred at the hot end 
of the sample. Their t reatment of this data was in t e rms of a the rmal -
diffusion mechanism resulting in a value of a (thermal-diffusion factor) 
of 11; this value of a had the same order of magnitude as they obtained 
in their cer ia-urania studies.^ 

We followed the method employed by Beisswenger et^ a]^.^ in treating 
our data for those mixed-oxide samples in which there was apparent r ed i s 
tribution of plutonium (samples 5 and 8). A brief outline of the method is 
given below; for more details , see Refs. 5 and 7. 



The flux of c o m p o n e n t 1 in a t h e r m a l g r a d i e n t i s g iven by 

C1C2 
J j = -DVCi ^ D' „ VT, 

1.̂ 1 + L.2 

w h e r e 

(1) 
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C] = c o n c e n t r a t i o n of c o m p o n e n t 1, 

C2 = c o n c e n t r a t i o n of c o m p o n e n t 2, 

D = diffusion coef f ic ien t ( c m y s e c ) . 

a n d 

D' = t h e r m a l - d i f f u s i o n coeff ic ient ( c m ^ / s e c ° K ) . 

T h i s , for a f ixed l a t t i c e r e f e r e n c e s y s t e m , can be t r a n s f o r m e d to 

J , = -D ^ + ^ j ^ ^ ' - ^ ^ ' ^ ^ (2) 

w h e r e a i s the the r m a l - d i f f u s i o n f a c t o r [a = (D ' /D) T ] . F o r D, we can 
e m p l o y the e q u a t i o n 

D = D o e x p ^ . (3) 

Subs t i t u t ing in Eq . 2, we obta in a s the f inal equa t ion 

J l 
C i \ a 

e x p 
- Q 
R T • 

E m p l o y i n g Eq . 4 wi th the c o n s e r v a t i o n - o f - m a s s equa t ion 

aci 
V • J l + 

St 

(4) 

(5) 

we can ob t a in c o m p u t e r so lu t i ons of Cj a s a funct ion of t i m e and a x i a l 
p o s i t i o n in the t h e r m a l g r a d i e n t . T h e s e equa t i ons w e r e so lved for Cj at 
f ixed a x i a l p o s i t i o n s a long the p e l l e t u s ing the a l g o r i t h m 

C , ( C t + AT) = Ci( ( : , t ) - ( V - J l ) At. (6) 

V a r i o u s v a l u e s of a w e r e e m p l o y e d to ob ta in a s a t i s f a c t o r y fit to the 
e x p e r i m e n t a l d a t a . 
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For the diffusion constant and activation energy of diffusion, the 
same values as used by Beisswenger et a l . ' were employed: 

Do = 0.046 cmVsec; 

Q = 100 kcal/mole. 

These values were based on the experimental data of Davis and Novak' and 
Schmitz and Lindner. 

The temperature distribution within the pellet is also a necessary 
input for the computation. The temperatures were measured at points in 
the pellet, as indicated in Fig. 10; however, these are effectively surface 
temperatures of the sample. These measured temperatures were plotted 
as a function of pellet height and fitted to a smooth curve by inspection. 
Temperatures read from this curve, coupled with the assumption of uni
form top and bottom surface temperatures , were used in conjunction with 
an iterative computer program which solved the Laplace equation, V T = 0. 
From these computations, a radial and axial temperature map was obtained 
and the resultant centerline temperatures were used in the thermal-
diffusion computations. All the above calculations were carr ied out on the 
CDC 3600 computer. 

The results of fitting the the rmal-diffusion equation to the maximum 
plutonium concentration in samples 5 and 8 gave values of a of 210 for 
sample 5 and 35 for sample 8; these values are in poor agreement with each 
other and also with Beisswenger _et ^L ' s value of 11. Figure 17 is a com
parison of the data and the fit for sample 8. The markedly different values 
obtained from the experiments may indicate that the thermal-diffusion 
model does not truly represent the major process involved in producing 
the apparent plutonium maxima obtained by us and by Beisswenger et al. 
Although these equations may serve as a suitable correlat ive technique for 
individual experiments, it would appear that extrapolations using these 

values of a for longer- term annealing 
periods or for la rger gradients could 
yield erroneous est imates of the 
degree of plutonium redistribution. 

B. Selective Vaporization Processes 
in Mixed Oxides 

Rand and Markin" pointed out 
that, based on their calculations, 
vaporizing species over mixed oxides 
•would be strongly dependent on stoi
chiometry of the condensed phase. 
For specimens at 2000°K, they 

» 
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1 
DISTANCE FROM PELLET BOTTOM. . 

Fig. 17. Thermal-diffusion Equation Fitted to 
Experimental PUO2 Distribution along 
Axis of Mixed-oxide Sample 8. ANL 
Neg. No. 308-2285 Rev. 1. 
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indicate that the UO3 pressure increases rapidly as the composition passes 
through MO2, and thus the vapor from hyperstoichiometric oxides is r icher 
in uranium than the solid. 

Recent experimental confirmation of this behavior can be found in 
the mass - spec t rome t r i c studies of (Uo.8Puo.2)02-x at 2240°K conducted by 
Battles and Blackburn.'^ These data show a significant increase in UO3 
p res su re over the mixed oxide as the stoichiometric composition is 
approached. Blackburn'^ calculated that at 2000°C the pseudocongruent 
vaporization composition would be about (Uo^sPuo.22)01.93; this is in reason
ably good agreement with the resul ts for sample 5. 

Thus, if a process that depletes the specimen in uranium, through 
selective vaporization of UO3, were to operate in a slightly hyperstoichio
metr ic mixed-oxide pellet, one would expect to see an apparent increase in 
plutonium concentration in the affected region. However, for slightly 
hypostoichiometric samples, the total vaporization rate is reduced, UO3 is 
no longer the most important vapor species, and little effect on plutonium 
concentration would be expected in the annealing t imes used on our experi
ments. These predictions, of course, are in agreement with our experi
mental observations. Although this does not prove that such vaporization 
accounts for the apparent plutonium redistribution in our work, it does imply 
that such a process could indeed have been operative in our studies. 
Bober et al^.'* have proposed a like mechanism to explain some of their 
observations. An interest ing a rea for future investigation would be the 
effect of density on the extent of redistribution of plutonium in similar 
specimens. 

C. Normal Freezing of Molten Fuels as a Me(?hanism for Plutonium 
Redistribution 

Although some instances of enhanced plutonium concentration in 
ope rating fuel rods have occurred under circumstances where no fuel could have 
melted, there a re other instances where melting could or did occur at 
some point in the fuel's lifetime.'^ Such melting of the fuel and its subse
quent freezing could result in significant plutonium redistribution; this can 
result from zone refining by the solidus-liquidus separation effect--"normal 
freezing." Consider the case of a cylindrical fuel rod of unit height and 
radius R, which is solidifying inwardly; assume no solid diffusion and uni
form concentration in the liquid. Given: 

C = concentration of solute in solid at radius r, 

K = distribution coefficient = C/C^, 

C^ = concentration of solute in liquid, 

and 

S = amount of solute in liquid. 



26 

We observe that 

C = KC^ 

and 

(V) 

T:r^ 

Hence, 

(8) 

Ttr̂  

Let us consider an annulus of the cylinder at radius r: 

mass balance equation 27TrC dr = dS; 

if dr < 0, then dS < 0 (solidification); 

if dr > 0, then dS > 0 (melting). 

F rom Eqs. 9 and 10, we obtain 

^ = 2^rC dr 
2KS 

(9) 

(10) 

(11) 

Integrating Eq. 11 produces 

'So 
f d i n S = 2K r d i n 

^S„ J R 

and leads to the relation 

,2K 
s/s„ = ii) 

Since SQ = TTR^CQ, we obtain 

S = T^R'Co[^\ 
2K 

; • 

Fur thermore , 

K 
7tR^C„(I) KC„( — 

K - 1 

(12) 

(13) 

(14) 



If q i s the f r a c t i o n f r o z e n , t h e n 

r^ 

and 

C = KCo(l -q)^-\ 

E q u a t i o n 6 is the r e s u l t ob ta ined by Pfann . ' ^ 

(15) 

(16) 

of 2.9 
a x i a l 
about 
at the 

F i g u r e 18 i n d i c a t e s that if K < 1 
the c o n c e n t r a t i o n in the r e s u l t a n t sol id 
c a n i n c r e a s e as r d e c r e a s e s ; the r e v e r s e 
wi l l o c c u r for K > 1. The p h a s e d i a g r a m ' ' 
for UO2-20% P u 0 2 i n d i c a t e s K - 0.7 and 
e n r i c h m e n t of PUO2 in the c e n t r a l r eg ion 
of a o n c e - m o l t e n fuel rod should be 
e x p e c t e d to o c c u r . 

As an e x a m p l e , c o n s i d e r an 
i r r a d i a t e d m i x e d - o x i d e fuel d e s c r i b e d in 
d e t a i l by B r o w n et j i . ' ° The s p e c i m e n 
w a s a v i b r a t o r i l y c o m p a c t e d h y p e r s t o i c h i 
o m e t r i c Dynapac powder rod of UO2-
20 wt % PuOj clad in Type 304 s t a i n l e s s 
s t e e l (21 m i l s th ick) . The inne r d i a m e t e r 
of the c ladding was 0.254 in. ; the effective 
d e n s i t y of the 11- j - in . - long fuel rod was 
83.5%. The s p e c i m e n was i r r a d i a t e d in 
E B R - I I for 119 days at 45 MW" to a bu rnup 

at . % (6 x 10^° f i s s i o n s / c m ' ) . The s p e c i m e n a f te r i r r a d i a t i o n had an 
c e n t e r void of 0 .07 -0 .08 in. The m a x i m u m l i n e a r hea t ing r a t e was 
19 kW/f t , and e s t i m a t e d t e m p e r a t u r e s for the s p e c i m e n a r e 2670°C 
c e n t e r - v o i d s u r f a c e and 1065°C at the o u t e r su r f ace of the fuel. 

Fig. 18. Concentration Variation in a 
Normally Freezing Cylinder 
as a Function of Radius. ANL 
Neg. No. 308-2284. 

E l e c t r o n - m i c r o p r o b e a n a l y s i s '' showed an unequ ivoca l i n c r e a s e in 
p l u t o n i u m con ten t of the p in n e a r the c e n t e r ( see F i g . 19). One could a s c r i b e 
t h i s effect to t h e r m a l diffusion and t r e a t the fue l -p in da ta in the s a m e fash ion 
a s the t h e r m a l - g r a d i e n t e x p e r i m e n t s d e s c r i b e d above , a s s u m i n g in th i s c a s e 
a p a r a b o l i c r a d i a l t h e r m a l g r a d i e n t . The r e s u l t s of such a compu ta t ion us ing 
a v a l u e of a = 7 a r e shown in F i g . 19; t h i s cho ice of a gave the b e s t fit out 
of t he v a r i o u s i n t e g e r s t r i e d . The fit i s r e a s o n a b l y good and could p r o b a b l y 
h a v e b e e n i m p r o v e d upon by a m o r e re f ined choice of a . 

A n o t h e r p o s s i b i l i t y i s tha t the c e n t r a l p o r t i o n of the fuel p in m a y have 
b e e n m o l t e n at s o m e t i m e . A s s u m i n g tha t the long c o l u m n a r - g r a i n r e g i o n 
e s s e n t i a l l y r e p r e s e n t s the m o l t e n r eg ion , one can c a l c u l a t e a r e d i s t r i b u t i o n 



of Plutonium on freezing by means of -normal freezing" *^-°^y- , U ^ / " ^ ^ ^ ^ ^ . 
value of K = 0 679, based on the phase diagram and the size of the columnar 
IIZ region, we obtained the distribution shown m Fig. 19. Again the agree-
ment is reasonably good. 

ELECTRON MICROPROBE ANALYSIS 

NORMAL FREEZING 

THERMAL DIFFUSION. 

Fig. 19 

Plutonium Redistribution in Irradiated 
Fuel Pin Initially 20 wt '^o PUO2-UO2. 
ANL Neg. No. 308-2283 Rev. 1. 

DISTANCE FROM CENTER, rr 

Thus, a priori , one could not say which mechanism was operating in 
this fuel pin, but in most cases there are at least three possibili t ies: 

1. Selective vaporization 

2. Thermal diffusion 

3. Normal freezing. 

For those pins that have been molten, normal freezing may be the most 
important mechanism; for those that have never been melted, selective 
vaporization could yield an apparent redistribution of plutonium toward the 
hot portion of the sample. Thermal diffusion may also be operative, but 
evidence for its action does not seem clear-cut at this t ime. 

VII. CONCLUSIONS 

Plutonium redistribution in a (Uo.8Puo.2)02+x sample (hyperstoichi
ometric) does appear to take place under the influence of a thermal gradient. 
A hypostoichiometric pellet did not show any significant redistribution. 
A possible mechanism for this behavior is selective vaporization of uranium 
from the hot end of the sample, chiefly by the UO3 gaseous species. 
Thermal-diffusion effects, however, cannot be conclusively ruled out on the 
basis of these studies. In any event, the magnitude of the effect in our 
studies seems small. 

Scouting experiments in which mixed-carbide pellets were maintained 
in thermal gradients similar to those for the oxides indicated that plutonium 
losses from the sample by vaporization could be considerable. However, 
addition of a metallic cladding to reduce vaporization sharply lowered 
plutonium losses to insignificant levels. 
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Restructuring of oxides and carbides under the influence of a ther
mal gradient was observed. Formation of columnar grains and enlargement 
of void size at the hotter end of the samples were typical. 

In oxide specimens, losses and redistribution of oxygen occurred. 
Sampling techniques employed, however, were not sensitive enough to 
reveal much about the mechanism, although vaporization, thermal diffusion, 
and cladding interactions a re probably important. 

For samples that have been molten, redistribution of fissile mater ia l 
by the solidus-liquidus separation effect should be kept in mind as a possible 
mechanism. 
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